Macrophages are primary host of Mycobacterium tuberculosis (M.tb) and the central effector of in vivo innate immune responses against bacteria. Though the interaction between macrophages and mycobacteria has been widely investigated, the molecular mechanisms of M.tb pathogenesis in macrophages are still not clear. In this work, we investigated the altered protein expression profiles of macrophages after virulent H37Rv strain and avirulent H37Ra strain infection by tandem mass tag-based quantitative proteomics. Among 6762 identified proteins of macrophages, the expression levels of 235 proteins were significantly altered, which is supposed to be related to the infection of different strains. By bioinformatics analysis at systems level, we found that these proteins are mainly involved in the biological process of apoptosis, blood coagulation, oxidative phosphorylation, and others. The enormous variation in protein profiles between macrophages infected with H37Ra and H37Rv suggests the existence of four different immunity mechanisms that decide the fates of macrophages and M.tb. These data may provide a better understanding of M.tb pathogenesis within the host, which contributes to the prevention and clinical treatment of tuberculosis.
Introduction
Tuberculosis (TB) is an infectious disease that greatly impacts human and animal health worldwide. One-third of the world's population is persistently infected with the causative agent Mycobacterium tuberculosis (M.tb) and~10% of them suffer from active TB [1, 2] . A report from World Health Organization (WHO) indicates that 1.8 million people died of TB in 2015. One of the major causes of this high incidence is the difficulty of diagnosis and treatment that caused by the poor understanding of the complex M.tb pathogenesis.
Macrophages are the primary host cells of M.tb in vivo. They are one of the most important immune cells participating in the elimination of infecting mycobacteria, which can not only induce the innate immune response against pathogenic microorganisms but also play central roles in TB control [3] . Bactericidal responses of macrophages are activated by intracellular M.tb, including autophagy, fusion of phagosome with lysosome, apoptosis, necrosis, and production of antimicrobial agents such as cytokines, hydrolases, free radicals, reactive oxygen species (ROS), and nitrogen intermediates [4] [5] [6] [7] . In addition, macrophages can present mycobacterial antigens to primed lymphocytes and start the inflammatory response by secreting chemokine, cytokines, and chemical mediators of inflammation to recruit other immune cells to the site of infection [8, 9] .
H37Rv and H37Ra are two closely related M.tb strains with different virulence. H37Rv causes higher bacterial loads of M.tb in lungs and other organs than H37Ra [10] [11] [12] [13] [14] . Furthermore, H37Rv can evade host immunity and display greater in vivo replication by inhibiting the killing processes such as the fusion of phagosome with lysosome, phagosome acidification, host cell signal transport, apoptosis of infected macrophages and induction of significant necrosis, granuloma, and lipid droplet [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Therefore, a comprehensive research on different macrophage responses against virulent H37Rv strain and avirulent H37Ra strain infection will help to understand the complex mechanisms of M.tb infection and its survival in host cells [24] . Recently, many proteomic researches have reported the interaction between host and M.tb, which proved significant changes in the expression of proteins in macrophage phagosomes, organelle membranes, exosomes, and endoplasmic reticulum after M.tb infection [25] [26] [27] [28] [29] [30] [31] . Herein, we applied tandem mass tag (TMT)-based quantitative proteomics to assess the altered protein expression profiles of macrophage cell (THP-1) infected with the virulent H37Rv strain and avirulent H37Ra strain, respectively. Among 6762 identified macrophage proteins, 235 proteins were demonstrated to have a relationship with virulent infection. By analysis of these data at systems level, these differentially expressed proteins (DEPs) of macrophages were found to be mainly involved in apoptosis, blood coagulation, oxidative phosphorylation, and other cellular processes. The enormous variation in protein profiles between macrophages infected with H37Ra and H37Rv suggested the existence of four different immunity mechanisms that decide the fates of macrophages and M.tb. Our data may provide novel insights into the different molecular mechanisms of host reaction to virulent M.tb and avirulent M.tb infection, thereby give new thoughts on the prevention and clinical treatment of TB.
Materials and Methods

M.tb strains and culture conditions
M.tb H37Rv (ATCC: American Type Tissue Collection 27294) and H37Ra (ATCC25177) were grown in Middlebrook 7H9 broth supplemented with 10% albumin dextrose catalase (ADC) enrichment (Becton Dickinson, San Jose, USA), 0.5% glycerol and 0.02% Tween 80 at 37°C for 6 days. M.tb cells were quantified by serially diluting the bacterial stock and plating 100 μl aliquots on Middlebrook 7H10 agar with 10% ADC. Then, the CFUs of M.tb were determined after 3 weeks of incubation at 37°C.
THP-1 cells culture and differentiation
Monocyte leukemia cell THP-1 cells were cultured in RPMI-1640 medium (HyClone, Logan, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, USA) (V/V) at 37°C in a humidified, 5% CO 2 atmosphere. Cells at concentration of 5 × 10 5 cells/ml were differentiated to macrophage phenotype with 25 ng/ml PMA (phorbol-12-myristate-13-acetate) in RPMl 1640 containing 10% FBS for 48 h. After removal of the PMA-containing medium, the cells were incubated for another 48 h in fresh RPMI-1640 medium supplemented with 10% FBS.
Infection experiments
The M.tb with OD 600 of 0.3 (CFU = 2 -3 × 10 7 ) and equivalent beads were washed twice with RPMI-1640 medium and suspended in RPMl-1640 medium containing 10% FBS as a primary inoculum for macrophage infection. The differentiated THP-1 cells were infected with latex beads, H37Ra or H37Rv at an multiplicity of infection (MOI) of 35 and then incubated for 4 h at 37°C in a 5% CO 2 atmosphere. To remove the extracellular bacteria, the infected cells were washed twice with RPMI-1640 medium after the culture supernatant was discarded. Then, the cells were further cultured for another 12 h or as indicated. Every stimulation experiment was done twice for biological repetition. The blank control group named THP-1 was treated simultaneously as the other groups.
Quantitative real-time polymerase chain reaction
Total mRNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, USA) and cDNA was synthesized using the cDNA synthesis kit (TransBionovo, Beijing, China), according to the manufacturer's instructions. bfl-1 (anti-apoptotic gene) and tnf-α (apoptotic gene) expression levels were determined by quantitative real-time polymerase chain reaction (qPCR) at different time points after infection. The qPCR measurements were performed on a Bio-Rad CFX96 using TransStart Tip Green qPCR SuperMix (TransBionovo) as follows: pre-denaturation 94°C for 30 s, and 94°C for 5 s, 52°C for 15 s, 72°C for 10 s for 40 cycles. The specific primers for the genes were: tnf-α (F: 5′-AGGCGG TGCTTGTTCCTC-3′; R: 5′-GTTCGAGAAGATGATCTGACTG CC-3′), bfl-1 (F: 5′-TGCCAGAACACTATTCAACC-3′; R: 5′-TTG CCTTATCCATTCTCCTG-3′) and gapdh (F: 5′-GAAGGTCGGAG TCAACGGAT-3′; R: 5′-CCTGGAAGATGGTGATGGG-3′). Two-tailed t tests, type 2, n = 2 were used for statistical evaluation of the mRNA levels (mean ± SD), while gapdh mRNA was used as an internal control for normalization.
Sample preparation
Both the supernatant and adherent cells were washed twice with phosphate-buffered saline (PBS). The proteins were extracted with RIPA cell lysis buffer (Amersco, Solon, USA) supplemented with 1× protease inhibitor Cocktail (Sigma, St Louis, USA). Finally, the protein concentration was determined using the Pierce Bicinchoninic Acid (BCA; Thermo Fisher Scientific, Waltham, USA) Protein Assay Kit.
The macrophage samples have two sets of biological repetition, named sample 1 and sample 2. Both of samples (0.45-0.65 mg each) were resuspended in 1× SDS loading buffer at the concentration of 5 mg/ml. The samples were reduced by addition of 20 mM dithiothreitol (DTT) and incubated at 90°C for 10 min. After cooling to room temperature, 100 μg of each sample was resolved by SDS-PAGE (10% Bis-tris gel; Invitrogen) for 1 h. Then, the samples were subject to an in-gel tryptic digestion after reduction with 10 mM DTT at 60°C for 30 min and alkylation with 40 mM iodoacetamide in the dark for 1 h to block free cysteine. Trypsin was added at 1:50 (w:w; trypsin:sample) and the samples were incubated at 37°C overnight. The digested peptides were extracted from gel with 60% acetonitrile, 5% formic acid and then dried in a Speed-Vac, after which they were washed with 50% acetonitrile to neutral pH. The proteins isolated from THP-1 macrophages, THP-1 macrophages stimulated by Beads and THP-1 macrophages treated with H37Ra or H37Rv were labeled with TMT6-126, 127, 128, and 129 label reagent according to the manufacturer's instructions (Thermo Fisher Scientific). Basically, the samples and the labeling reagents were incubated for 60 min at room temperature, then 8 μl of hydroxylamine (5%) was added and incubated for another 15 min to quench the reactions. The labeled samples were named TMT-126, TMT-127, TMT-128, and TMT-129, respectively. The four labeled samples were combined, dried in the Speed-Vac and sent for analysis [32] .
One-dimensional separation of TMT-labeled peptides High-pH reversed phase high-performance liquid chromatography (HPLC) was used for peptide fractionation using Gilson 300 series equipment (Gilson, Worthington, USA). The TMT-labeled and combined samples were solubilized in 200 μl of 20 mM ammonium formate (pH 10) and then injected into an Xbridge column (C18 3.5 μm 2.1 × 150 mm 2 ; Waters, Milford, USA) and eluted with a linear gradient (2%-45%) of buffer B in 44 min (buffer A: 20 mM ammonium formate, pH 10; buffer B: 20 mM ammonium formate in 90% acetonitrile, pH 10). The fractions with the highest UV absorbance at 214 nm (most of peptides) from the high-pH HPLC were selected to be analyzed by liquid chromatography/tandem mass spectrometry (LC-MS/MS). Those fractions (1 min) were collected and dried in a Speed-Vac.
Nano LC-MS/MS
Peptides from each fraction were analyzed by nano LC-MS/MS using an RSLC system interfaced with a Q Exactive™ hybrid quadrupoleOrbitrap mass spectrometer (Thermo Fisher Scientific). Samples were loaded onto a self-packed 100 μm × 2cm trap packed with Magic C18AQ with 5 μm 200 Å (Michrom Bioresources, Auburn, USA) and then washed with Buffer A (0.2% formic acid) for 5 min with a flow rate of 10 μl/min. The trap was brought in-line with a homemade analytical column (Magic C18AQ, 3 μm 200 Å, 75 μm × 50 cm) and peptides were fractionated at 300 nl/min with a multi-stepped gradient [4%-15% Buffer B (0.16% formic acid 80% acetonitrile) in 35 min and 15%-25% B in 65 min and 25%-50% B in 55 min]. Mass spectrometry data were acquired using a data-dependent acquisition procedure with a cyclic series of a full scan acquired in Orbitrap with a resolution of 120,000. The 20 most intense ions with repeat counts of one and dynamic exclusion durations of 30 s were scanned using MS/MS (30% of collision energy in HCD cell, resolution 30,000). The sample 1 was run twice and named A and B, and sample 2 was run once and named C.
Data analysis
LC-MS/MS data of 14 fractions from each experiment were searched in MUDPIT style against the Ensembl human database using an in-house version of X!tandem [SLEDGEHAMMER (2013.09.01), thegpm.org] with carbamidomethylation on cysteine and the TMT6-plex label on lysine, with the N-terminus of peptides as fixed modifications and oxidation of methionine as a variable modification. A ±10 ppm and ±20 ppm were used as tolerance for precursor and product ions, respectively. The intensities of TMT6-plex reporter ions in each spectrum were extracted using an in-house perl script and corrected for isotope cross-over using values supplied by the manufacturer. The treatment/blank control ratio of each spectrum was calculated using reporter ion intensity and was normalized to the median ratio of all identified spectra that fit certain criteria: peptide belongs to a homo sapiens database, peptide E-value < 0.01 (the expectation that any particular protein assignment), total reporter ion intensity >60,000. The false positive rate (FPR) at the peptide level was <1.0%. Spectra with ratios of 'Divide 0' were replaced with the arbitrary number '10'.
Pairwise ratios of four groups (group Beads/THP-1: TMT-127/ TMT-126, group H37Ra/Beads: TMT-128/TMT-127, group H37Rv/Beads: TMT-129/TMT-127, and group H37Rv/H37Ra: TMT-129/TMT-128) of each individual protein were calculated using the median ratio of all peptides belonging to the protein that has at least two data points that fit the criteria of peptide E-value < 0.03 and sum of reporter ions of both channel >20,000. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium [33] via the PRIDE partner repository with the dataset identifier PXD006331.
The method used to analyze the DEPs is described in Supplementary Fig. S1 . The Z-test (P < 0.05) was used to screen the DEPs from each group by converting log 2 ratios of proteins into Zscores [34] . PANTHER (Protein Analysis Through Evolutionary Relationships; http://www.pantherdb.org 2 February 2017, date last accessed) was used to classify proteins by their functions [35] . For Geno Ontology (GO) and pathway enrichment, the unique proteins identified in this study were analyzed using Database for Annotation, Visualization, and Integrated Discovery (DAVID) [36] . The protein-protein interaction (PPI) networks were analyzed using STRING software, after which the paragraphs were edited with Cytoscape v.3.2.1 and BiNGO v.3.0.3 [37, 38] .
Western blot analysis
Approximately 40 μg of proteins from each sample were resolved by 8%-15% SDS-PAGE at 100 V for 2-3 h. The protein bands were electro-blotted onto polyvinylidene fluoride (PVDF) microporous membranes (Millipore, Billerica, USA), which were blocked with 5% skimmed milk for 2 h at room temperature. For immunoblot analysis, the membranes were incubated with antibodies as follows: anti-AHSG (1:1000; Boster, Wuhan, China), anti-IL-1β (1:100; Boster), and anti-β-Actin (1:2000; Sangon Biotech, Shanghai, China) at 4°C overnight. After being washed four times with 0.1% PBS-Tween for 5 min, the membranes were incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG H&L (Abcam, Cambridge, UK) for 60 min at room temperature. After incubation with chemiluminescent HRP substrate (Millipore), the chemiluminescence detection was performed directly using an Amersham Imager 600 (GE Healthcare, Bethesda, USA). For quantification analysis, ITQL (GE Healthcare) software was used to calculate the fold changes, while actin was used as an internal control for normalization.
Results
Infection with H37Ra or H37Rv resulted in different M.tb growth in macrophages and transcription levels of anti-apoptotic gene bfl-1
In order to confirm the differential growth rate of M.tb in macrophages after infection, THP-1 differentiated macrophages were infected with avirulent H37Ra strain or virulent H37Rv strain at an MOI (multiplicity of infection) of 10:1. At 0, 1, 3, and 5 days after infection, M.tb colony-forming units (CFUs) of macrophages were measured after 0.1% SDS treatment (Fig. 1A) . H37Rv showed a significantly higher intracellular growth rate in human macrophages than H37Ra, although both strains have similar capacities to enter the macrophages [23, 39] . The difference of the growth rates of two M.tb strains in human macrophages probably originates from the different virulence between them.
To determine the culture time of macrophages after infection with H37Ra or H37Rv, the expression levels of bfl-1 and tnf-α in THP-1 macrophages were detected by qPCR. The anti-apoptotic-or apoptotic-related gene bfl-1 and tnf-α were thus used as the reference to indicate the successful infections. The expression levels of bfl-1 and tnf-α in macrophages after infection with M.tb were higher at 12 h after infections than that at other time points. What is more, expression levels of bfl-1 between H37Ra and H37Rv-infected macrophages were most different at 12 h after infections, as shown in Supplementary Fig. S2 , which is consistent with previous results [40] . Therefore, we focused on the protein profiles of THP-1 cells at 12 h after infection with M.tb, for the occurrence of apoptosis and variant anti-apoptosis of macrophages after infection with two strains.
TMT-based quantitative proteomics revealed different expression profiles between H37Ra-and H37Rv-infected macrophages
To understand the molecular mechanisms involved in cross-talk between macrophages and M.tb, we applied a TMT-based mass spectrometry profile of proteins of THP-1 cells infected with H37Ra or H37Rv (Fig. 1B) . Macrophage proteins were extracted at 12 h after infection with H37Ra or H37Rv, with beads stimulation group as a negative control and untreated THP-1 macrophages as a blank control. As a result, a total of 6762 macrophage proteins were identified using the criteria described in Materials and Methods (Supplementary Tables S1 and S2). Proteins identified both in Run A or B and C were selected for further study. Subsequently, the arithmetic mean, standard deviation, and relative standard deviation (RSD) of individual proteins were calculated. The RSD of 95% proteins in each group were lower than 0.21, which displayed low variability between the repeats (Supplementary Fig. S3 ). Then, proteins with RSD > the largest RSD value of 95% proteins in each group were filtered out for the inaccurate ratios ( Supplementary Fig. S1 ). The proteins with Z-score > 1.96 or <−1.96 were considered as DEPs (Supplementary which demonstrated cluster of four groups according to the DEPs after infection (Fig. 1C) . No confident protein of M.tb was identified in this study.
There were 140 macrophage proteins with increased expression and 111 proteins with decreased expression after beads stimulation (group Beads/THP-1), as shown in Supplementary Table S3-2. Some of them were associated with autolysosomes and immunity, such as lysosome membrane protein 2 (LIMP II), CD63 antigen, and Cathepsin G [42] [43] [44] [45] , indicating that the expression levels of some macrophage immunity proteins changed after beads infection. Therefore, the beads infection group served as a negative control to identify macrophage proteins related to live bacterial infection. For H37Ra/Beads group the expression levels of 130 macrophage proteins significantly increased and 150 macrophage proteins decreased, which associated with avirulent strain infection (Supplemental Table S3 -3). However, for the H37Rv/Beads group the expression levels of 115 macrophage proteins increased and 79 macrophage proteins decreased (Supplemental Table S3 -4), which were related to virulent M.tb infection. After infection with M.tb strain H37Rv or H37Ra, the expression levels of type I interferon-inducible proteins in macrophages, including ubiquitin-like protein ISG15 (ISG15), interferon-stimulated gene 20 kDa protein (ISG20), interferoninduced protein with tetratricopeptide repeats 1 (IFIT1), IFIT2, IFIT3, interferon-induced helicase C domain-containing protein 1 (IFIH1), bone marrow stromal antigen 2 (BST2), interferon regulatory factor 9 (IRF9), and radical S-adenosyl methionine domaincontaining protein 2 (RSAD2), were almost equally increased. The increase had been demonstrated both at transcript and protein levels by previous researchers [46] [47] [48] .
The expression level of 142 THP-1 macrophages proteins increased and 93 proteins decreased after H37Rv infection compared with H37Ra infection (group H37Rv/H37Ra) (Supplemental Table S3 -5). These DEPs of macrophages were directly associated with M.tb virulent infection and reflected specific responses of macrophages to H37Rv instead of H37Ra.
DEPs of macrophages were classified by GO analysis
First, we classified proteins in macrophages by PANTHER Protein Class ontology to evaluate their biological relevance [35] (Fig. 1D) . For group H37Rv/H37Ra, the DEPs of macrophages were classified to 21 terms. The top five terms were oxidoreductase (11), signaling molecule (12), hydrolase (18) , enzyme modulator (19) , and nucleic acid binding (44) . To obtain more function information and pathways for macrophage proteins differentially expressed between two strains' infections, these proteins were functionally analyzed using DAVID. GO terms were sorted into the 'Cellular Component (CC)', 'Biological Processes (BP)', and 'Molecular Function (MF)' GO categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (P < 0.01) (Supplementary Fig. S4 ).
For the Beads/THP-1 group, the top pathway term was lysosome and top GO-MF term was cadherin-binding involved in cell-cell adhesion ( Supplementary Fig. S4A ), which suggested that beads could induce protein expression changes in the lysosome and pathogen recognition of macrophages [49, 50] . Because of the activation of macrophages by beads, beads group was selected as a negative control to exclude protein expression changes induced by phagocytosis of physical stimulation. For the H37Ra/Beads group or H37Rv/Beads group, most GO terms were associated with infection immunity and pathogenic bacteria killing ( Supplementary Fig. S4B, C) . However, when compared with H37Ra/Beads group, the term positively regulated T cell cytokine production and lysosomes disappeared in H37Rv/Beads group, possibly owing to inhibition of H37Rv.
Taken together, these functional analyses revealed that both of H37Rv and H37Ra infection could lead to the expression changes of macrophage proteins associated with apoptosis process, blood coagulation, nucleosome assembly, focal adhesion, and exosome. Obviously, H37Rv infection resulted in expression changes of macrophage proteins associated with oxidative phosphorylation in mitochondrial inner membrane, nucleosome assembly, vesicle, apoptosis process, and blood coagulation, which was different from H37Ra infection (Supplementary Fig. S4D ). These results provide more evidence that macrophages infected with virulent H37Rv strain or avirulent H37Ra strain could trigger different immune responses.
PPI network analysis of DEPs
To further understand the interactions between the DEPs of macrophage, protein interaction networks were constructed using STRING 10.0 and visualized with Cytoscape v.3.2.1. Nodes were colored according to the log 2 ratio of proteins from each group and subnet works were created manually according to the GO terms analyzed by BiNGO v3.0.3 ( Fig. 2A, Supplementary Fig. S5 ). Undoubtedly, the relationships between these subnet works indicated strong associations among them, which might be related to H37Rv infection. For the H37Rv/H37Ra group, there were 23 macrophage proteins related to blood coagulation (Fig. 2B) , 26 proteins correlated with apoptosis process (Fig. 2C) , 19 proteins associated with the oxidative phosphorylation in mitochondrial inner membrane (Fig. 2D) , and some other proteins associated with vesicle or nucleosome assembly, indicating that these DEPs of macrophages and their functional clusters may be involved in the virulent M.tb infection. Notably, among the apoptosis process and inflammatory response cluster, the most obvious proteins were alpha-2-hs-glycoprotein (AHSG) and interleukin-1β (IL-1β), implying that these two proteins may play important roles in H37Rv immunity of macrophages compared with H37Ra. These results confirmed that macrophages infected with H37Rv or H37Ra induced different widespread biological processes and powerful cross-talk existed among them.
Western blot analyses validate the alterations of protein expression level
The macrophage proteins IL-1β and AHSG which are associated with the apoptosis process and inflammatory response in macrophages were selected for western blot analysis to confirm the differential expression of proteins identified in a TMT-labeled LC−MS/ MS system (Fig. 3) . Equal amounts of total proteins from M.tbinfected THP-1 cells were applied and blotted with antibodies to IL-1β and AHSG. The decreased expression level of pro-IL-1β/IL-1β and the increased expression level of AHSG in macrophages after H37Rv infection were confirmed by western blot assay, which is in contrast to their expression levels after H37Ra infection. The proteomic results were validated using these data.
Discussion
The different biological processes of macrophages after virulent M.tb strain H37Rv or avirulent H37Ra strain infection contribute to the understanding of complex M.tb pathogenesis. Researchers have evaluated the different responses of macrophages infected with H37Rv or H37Ra at transcriptomic level [11, 51] . However, according to our results, only 5 proteins out of the 235 DEPs from macrophages are identical to previous transcriptomic results (Supplemental Table S3 -6) . This lack of correlation between proteomic and transcriptomic results can be contributed to the post-transcriptional regulatory mechanisms.
Among DEPs of macrophages between H37Rv and H37Ra infection, some of them were related to nucleosome assembly and blood coagulation (Fig. 2B) , including histones and granule constituents associated with proteins [collagen, type I, alpha 1 (COL1A1), thrombospondin 1 (THBS1), quiescin Q6 sulfhydryl oxidase 1 (QSOX1), protein S alpha (PROS1), and coagulation factor V (F5)]. Histones released into the extracellular space of macrophages can activate inflammasome pathway through Toll-like receptors (TLRs) [52] . Furthermore, histones and granules tend to form macrophage extracellular trap (MET) with nuclear DNA, and thereby kill bacteria by releasing of MET in vitro of macrophages [53] [54] [55] . It is known that macrophages release MET to constrain and kill M.tb during M.tb infection, we assume that H37Rv infection could induce more MET than H37Ra infection for the up-regulation of associated proteins. This needs to be proved by further experiments. Furthermore, there exists a cross-talk between blood coagulation and macrophage immunity: fibrin regulates the chemokine/cytokine production and macrophage adhesion in vivo [56] , which could help to explain the formation of granulomas in vivo with the participation of macrophages and other cells stimulated by H37Rv [57] .
Another interesting protein of the DEPs is HLA class I histocompatibility antigen, A-2 alpha chain (HLA-A), a major histocompatibility complex (MHC) antigen specific to humans. The HLA-A expression level of macrophages decreased after H37Rv infection compared with H37Ra infection, indicating that the virulent strain infection could disturb the presentation of antigenic peptides to the T cell receptors (TCRs) on T cells. Thus, virulent M.tb infection inhibits T cell-mediated cellular immune response, which constitutes another protection mechanism of the virulent strain [58, 59] .
Notably, the proteins in mitochondrial inner membrane associated with oxidative phosphorylation increased after H37Rv infection compared with H37Ra infection (Fig. 2D) . The nicotinamide adenine dinucleotide dehydrogenase (NADH) (ubiquinone) 1 beta subcomplex subunit 1 (NDUFB1), NDUFB7, NDUFB11, and NDUFA13 are the mitochondrial energy generating system complex I subunits that transfer electrons from NADH to the respiratory chain; cytochrome b-c1 complex subunit (UQCRFS1) and UQCR10 are the subunits of ubiquinol-cytochrome c reductase complex (complex III) which generates an electrochemical potential coupled to adenosine triphosphate (ATP) synthesis [60] [61] [62] . Mitochondria are the major source and the first sufferer of ROS. The increase in macrophage proteins of Complex III and I, the principal source of superoxide, indicates more superoxide production. It was reported that overexpression of complex I subunit NDUFA6 could reduce apoptosis in HIV-infected cells [63] . ROS production can also contribute to the activation of NF-κB and cell survival. Therefore, the complex I and III proteins may play an important role in oxidationinduced apoptosis. In addition, superoxide could be converted to H 2 O 2 by manganese-dependent superoxide dismutase (SOD2) [64] . SOD2 which can destroy superoxide anion radicals and protect against oxidation-induced apoptosis, was down-regulated after H37Rv infection in this study [65] . Therefore, H37Rv infection can induce more superoxide production in macrophages compared with H37Ra and the detailed function needs further investigation.
Mitochondria are essential in producing ROS as well as generating ATP [66] . The ATPase inhibitor (ATPIF1), ATP synthase F(0) complex subunit C1 (ATP5G1), ATP5E, ATP5I and Up-regulated during skeletal muscle growth protein 5 (USMG5) of macrophages, expression levels of which are increased after H37Rv infection, constitute an ATP synthase complex (Complex V). The lack of ATP after apoptosis could induce necrotic cell death. [67] . So the upregulated mitochondria ATP synthases may depend on the activation of apoptosis. Mitochondrial ribosomal protein (MRPL41) interacts with the anti-apoptosis regulator Bcl-2 and promotes apoptosis [68] . After H37Rv infection, the anti-apoptotic protein is reduced due to the up-regulation of MRPL4. On the other hand, heat shock cognate 71 kDa protein (HSPA8) that prevents apoptosis by participating in chaperone-mediated autophagy, is increased after H37Rv infection more than that after H37Ra infection [69] [70] [71] . As a result, H37Rv increases its survival rate in macrophages by preventing macrophage apoptosis. These macrophage mitochondria responses occur after the infection of H37Rv other than after the infection of H37Ra, which provides evidence and details for elucidating the relationship between virulent M.tb infection and the oxidative phosphorylation in mitochondrial inner membrane.
The expression levels of macrophage proteins associated with the apoptosis process and inflammatory response were altered when cells were infected with these two strains respectively (Fig. 2C) . The differential expression level of AHSG and IL-1β between H37Rv and H37Ra infection were confirmed by western blot analysis. AHSG, also called fetuin-A, functions as a positive or negative acute phase protein in infection and is regulated by different proinflammatory mediators [72] . AHSG expression level increased significantly after M.tb infection. H37Rv induced higher AHSG expression than H37Ra in macrophages, but this strategy remains confusing and requires further investigation. The western blot analysis results showed decreased expression level of pro-IL-1β in the macrophages infected with H37Rv compared with H37Ra. Since the expression level of pro-IL-1β is tightly controlled by the first signal mediated by TLR ligands, it is possible that H37Rv inhibits pro-IL-1β expression in macrophages by blocking TLR-mediated signaling pathways after infection, which also deserves further investigation. Pro-IL-1β proteins are activated by caspase-1, which is under the control of the second signal mediated by nucleotide-binding oligomerization domain-like receptors (NLRs) [73] . But both H37Rv-and H37Ra-infected macrophages expressed increased proinflammatory cytokine IL-1β, which is consistent with the previous report [56] . Notably, compared with H37Ra infection, H37Rv infection decreased the expressions of nuclear factor NF-κB p105/p50 subunit (NFκB1), nuclear factor NF-κB p100/p52 subunit (NFκB2), TNF alphainduced protein 6 (TSG6, TNFAIP6) and tumor necrosis factor (TNF) receptor-associated factor 1 (TRAF1). NFκB1 and NFκB2 are part of a heterodimeric complex in the NF-κB pathway [74] , the down-regulation of which might induce more cellular death. TRAF1 is a negative regulator of TNF signaling and prevents NF-κB activation by TNF and IL-1 [75] , which indicates the decrease of TRAF1 may up-regulate NF-κB. Taken together, there must be some other mechanisms that regulate NF-κB pathway. The other protein TSG6 has anti-inflammatory effects and can be induced by TNF and IL-1 [76] . The complex immunity net may play important roles in the fate determination of macrophages and M.tb. H37Rv may escape the immune system by regulating the expression level of immunity factors, the mechanisms of which remain unclear and are worth further investigation.
Taken together, these analyses suggest that H37Rv infection results in the expressions of macrophage proteins associated with oxidative phosphorylation, apoptosis process, blood coagulation, and nucleosome assembly, in contrast to H37Ra infection. Furthermore, the fate of macrophages after H37Rv infection may depend on the interplay of these immunity processes.
In addition, some DEPs of macrophages between H37Rv and H37Ra infection are always located in serum, such as AHSG, RBP4 (retinol-binding protein 4), and IL-1β, which could be virulent infection biomarker candidates [30, 77, 78] . RBP4 binds with and transports blood retinol into the cells and leads to increased intracellular retinoic acid and decreased serum fibronectin, which is related to granuloma formation [79] . The expression levels of both AHSG and RBP4 from patient plasma with active TB are significantly lower than those of patients without active disease, which has been confirmed by others [80] [81] [82] . However, the expression level of AHSG and RBP4 were significantly increased in the macrophage cytoplasm after infection with H37Rv, which agrees with previous work [29] . The opposite expression tendency of these two proteins between the macrophages and serum after M.tb infection is worth further investigation.
In conclusion, this work revealed different expression profiles between macrophages infected with H37Ra and H37Rv using TMT-based quantitative proteomics. These DEPs are mainly involved in apoptosis process, blood coagulation, and particularly oxidative phosphorylation. The enormous variation in protein profiles between macrophages infected with H37Ra and H37Rv suggests the existence of different immunity mechanisms (Fig. 4) . In both H37Rv-and H37Ra-infected macrophages, the expression level of histones and granule constituents, which form the METs, are all upgraded, but the former exhibits more notable effect, which is in favor of formation of METs and thus trapping M.tb to prevent dissemination. H37Rv decreases the expression level of HLA-A in macrophages, which may disturb the presentation of antigenic peptides from macrophages to the TCRs of T cells and thereby avoid T cell-mediated cellular immune response. H37Rv infection induces ROS overproduction in the mitochondrial while H37Ra does not. In H37Rv-infected macrophages, the expression levels of NFκB1, NFκB2, pro-IL-1β, TNFAIP6, and TRAF1, which participate in the immunity of M.tb and regulate the apoptosis of macrophages, are all decreased compared with the H37Ra-infected cells. The fates of macrophages and M.tb are determined by all these DEPs-associated immunity mechanisms and their cross-talk. These results provide new clues to the host response after virulent M.tb infection, which are important for further TB studies and therapies. 
